The MASS (Montane Alternative Silvicultural Systems) trial was established in the coastal mountains of British Columbia to compare clearcut, patch cut, green tree and shelterwood systems. A number of studies were carried out at the MASS trial to determine the extent to which these variable levels of stand retention retained old-growth attributes of N cycling and associated ecological processes. Harvesting led to increases in N mineralization in the forest floor (2ϫ) and mineral soil (10ϫ), and fluxes of N through the upper 25 cm of mineral soil (2ϫ to 3ϫ). However, fluxes of N were not large (< 0.35 kg ha -1 per growing season). Nitrogen mineralized was predominantly ammonium and not nitrate in the forest floor (> 95% in all but clearcut, > 75% in clearcut) and upper mineral soil horizon (42-86%). The nitrate component came from heterotrophic decomposition of organic matter, not conversion of ammonium to nitrate by autotrophs, and nitrate increases resulted from decreased gross nitrate consumption with harvesting, rather than increased nitrate production. The increases in soil N availability resulting from harvesting were reflected in only slight increases in seedling foliar N concentrations for two to four years after logging (peak of~ 2% for western hemlock and ~ 1.6% for amabilis fir) before decreasing to below deficiency thresholds for both species. Overall, estimated losses of N from the rooting zone after harvesting (1 kg ha -1 yr -1 ) were minimal in comparison to estimated N inputs (4 kg ha -1 yr -1 ), N exports in logs at harvesting (250 kg ha -1 ) and soil reserves (11 400 kg ha -1 ). Although unlikely to affect future site productivity, losses of N could be reduced somewhat through the use of shelterwood harvesting.
Introduction
Recent criticism of clearcutting in BC has led to increased use of alternative silvicultural systems for harvesting. These include both traditional silvicultural and variable retention systems (Mitchell and Beese 2002) , in which some trees are left across the harvested site as aggregated (e.g., strip cut, patch cut) or dispersed (e.g., shelterwood, green tree) retention. The Montane Alternative Silvicultural Systems (MASS) partnership was formed in 1992 to test several alternative silvicultural systems in an old-growth coastal montane forest on Vancouver Island (Arnott and Beese 1997) . The main objectives were to assess the operational costs and feasibility of using shelterwood, green tree retention, patch cut and clearcut systems to harvest an old-growth western hemlockamabilis fir-redcedar (Tsuga heterophylla ((Raf.) Sarg.), Abies amabilis ((Dougl.) Forb.), Thuja plicata (Donn)) forest and to monitor regeneration in each system. Clearcutting in some coastal montane forests in BC can to lead to reduced growth of regeneration (Koppenaal and Mitchell 1992) and this growth check can become apparent at about 12 to 15 years after harvesting. However, it is not known if this results from adverse soil temperature, nutrient availability, plant competition or other processes. The MASS field trial therefore also provided an opportunity to study the effects of silvicultural systems on key ecological processes, especially the causes of seedling growth check. Nitrogen (N) cycling was thus a focus of a number of studies carried out at the MASS site because N availability often limits tree growth in temperate forest ecosystems, and it is possible that lack of N availability leads to the growth check observed on these types of sites.
Harvesting affects N cycling processes (see reviews by Vitousek 1983, Keenan and Kimmins 1993 ) and the first impact is an immediate reduction in plant uptake of N as trees are felled (Vitousek and Reiners 1975) . Resultant changes in canopy cover can change soil temperature and moisture conditions (McColl 1977, Barg and Edmonds 1999) . These abiotic factors in turn affect microbial organisms (Barg and Edmonds 1999, Siira-Pietikäinen et al. 2001) that use the input of slash and roots from dead trees to the forest floor and soil at harvesting as an energy substrate as well as a source of N. Changes in decomposition (Binkley 1984) and nitrification rates can lead to increased nitrate (NO 3 -N) mobilisation Melillo 1979, Vitousek 1981) . This, along with a reduction in the size of the plant sink, may lead to increased N movement down the soil profile because nitrate anions are mobile and easily leached. Electrical charges are balanced in the soil solution, and thus the movement of nitrate can cause concomitant movement of mobile cations, including ammonium (NH 4 -N). The resulting increase in soil N availability may benefit the growth of seedlings, ground vegetation and remaining trees in what is sometimes called the assart effect (Romell 1957) . However, if plant and microbial organisms cannot take up the entire N available after harvesting then the excess N can leach below the rooting zone, potentially affecting site productivity and the quality of nearby streams and water bodies (Vitousek et al. 1997) . The magnitude and duration of increased N availability and leaching after harvesting varies, depending on the soil, site and stand type. Changes in N cycling processes also vary depending on the amount of trees removed and the silvicultural or harvesting system used (Barg and Edmonds 1999, Siira-Pietikäinen et al. 2001) .
A range of N cycling studies has been carried out at the MASS site, predominantly over the first five years after harvesting. The objective of this paper is to up-date some past findings, present new findings, and then synthesize these with previously published work in a review of all the N cycling work that has been carried out at MASS. The effect of clearcutting will be examined, along with the causes of changes in N cycling processes. Then the extent to which the variable retention systems applied at MASS mitigate clearcutting effects, especially shelterwood harvesting, will be discussed. Finally, the amount of N lost and potential effects on future site productivity will be examined in the context of long-term inputs and outputs of N from the site. Key questions include: (i) what are the effects of clearcutting on N cycling? (ii) what are the mechanisms that led to the clearcutting effects? (iii) Do alternative silvicultural systems mitigate the effects of clearcutting? and (iv) What is the potential for loss of site productivity after harvesting these sites? Methods Methods are briefly described for studies that have been updated, but full methodologies are given for new work. Only citations are given for previously published work.
Site description
The MASS site is located near Campbell River, on the east coast of Vancouver Island (49°55ЈN 125°25W). The oldgrowth forest (> 500 years since last major disturbance) is dominated by 200-to 800-year-old trees of amabilis fir (Abies amabilis Dougl. ex. Forbes) and western hemlock (Tsuga heterophylla (Raf.) Sarg.), with western redcedar (Thuja plicata Donn ex. D. Don) and yellow-cedar (Chamaecyparis nootkatensis (D. Don) Spach) present in smaller amounts. The site has a slope of < 20% with a northerly aspect, and is between 740 and 850 m elevation. Soils are predominantly Orthic and Gleyed Ferro-Humic Podzols, and are typically overlain with a relatively thick (15-40 cm) mor humus with a large component of decomposed wood in deeper humus layers. Understory vegetation includes Vaccinium alaskaense (Howell), V. ovalifolium (Sm.), Tiarella trifoliata (L.), Streptopus roseus (Michx.), Lysichiton americanum (Hultén & St. John), Rhytidiadelphus loreus ((Hedw.) Warnstorf), Hylocomium splendens (Hedw.) and Rhytidiopsis robusta ((W.J. Hooker) Brotherus). The site is typical of the montane moist maritime variant of the Coastal Western Hemlock biogeoclimatic zone (CWHmm2). Further site details can be found in Arnott and Beese (1997) .
Silvicultural Systems
Five treatments were compared at MASS ( Fig. 1 ): (i) oldgrowth stand (unharvested control treatment), (ii) clearcut (69 ha; harvested over two years from 1992 to 1993), (iii) shelterwood (25% of original basal area retained; 200 stems ha -1 > 17.5 cm DBH), (iv) green tree retention (or clearcutting with reserves; 5% of original basal area retained; 25 trees ha -1 ), and (iv) patch cut treatment plot (three small cutblocks of 1.5 to 2.0 ha alternating with three leave stands in each plot; unless otherwise stated, results for patch cut treatments are for the cutblocks, not the leave stands in this treatment). The single old-growth stand and clearcut treatments were each divided into three replicates. A nearby area was divided into three blocks, and the three alternative silvicultural treatments were randomly located within each of these, giving three replicates of each treatment. These latter treatments were harvested between May and Nov. 1993, and hence the first full growing season for regeneration was 1994. (See Arnott and Beese (1997) for further site and treatment details.)
Statistical analyses
Operational constraints precluded unrestricted randomization in both the clearcut and old-growth treatments but, for statistical analyses, it was assumed that variation among replicates in the clearcut and old-growth treatment areas was comparable to variation among the replicates assigned to the alternative silvicultural treatments. One-way ANOVA (assuming the equivalent of a completely randomized design) was therefore used to test for treatment effects, but interpretation of results must be tempered because of the restricted randomization of treatments. Some studies modified this main design, and details for individual studies are therefore given in Table 1 . All data passed tests for homogeneity of variance and normality of data, except for litterfall data, which was ln transformed before analysis. In all figures and tables, means followed by different letters are significantly different at p < 0.05.
Litterfall
Three 0.25-m 2 circular (56.5-cm diameter) collection bags (after Hughes et al. 1987) were placed 1 m above the ground in each treatment plot. Litterfall was collected in early spring (May), late summer (Aug.-Sept.) and late fall (Oct.-Nov.) for the first five years after harvesting and oven-dried (80°C) before weighing.
Litter decomposition
Mass loss of western hemlock needle litter and forest floor (FH) material was measured using litterbags. Bags were installed in one plot of each treatment immediately after harvesting (Nov. 1993) and were collected annually for the first four years after harvesting. Bags containing needle litter were pinned to the surface of the forest floor, and bags containing FH material were buried in the forest floor. Results for the first two years after harvesting have been published (Prescott 1995 (Prescott , 1997 ; third-and fourth-year results are included in the current study.
Pairs of birch chopsticks (20.4 cm ϫ 0.4 mm ϫ 1.2 cm tapering to 0.7 mm; pre-cut to make a pair, but retained intact) were buried horizontally ~ 5 cm below the forest floor surface to obtain a surrogate measurement for decomposition rate in the humus. Four randomly-located points were located in each treatment in one replicate in every May each year for the first three successive years after harvesting , using a different replicate each year. Four small quadrats were established within ~ 1 m of each point, and then three pre-weighed pairs of chopsticks were buried in each of these four quadrats. Data therefore reflect but cannot distinguish between differences in site and year-to-year climatic conditions. One pair of chopsticks was retrieved from each quadrat after 4, 12 and 16 months (August, May and following August), gently cleaned, oven-dried at 70°C for 48 hrs and weighed. The four mass loss values for each sampling station were pooled, to give four values per treatment per replicate. Grenon et al. (2004) . Mean growing degree days > 0, 5, 7.5 and 10°C (i.e., GDD = accumulated temperature over given temperature threshold for each day of the year) were calculated for each year.
Soil moisture
Gravimetric water contents of the LF and the H horizons were determined every two weeks over the fifth growing season after harvesting (1998). Three forest floor samples were collected from three replicates of the old-growth, shelterwood and clearcut treatment plots at the same time that rainfall, throughfall and soil solutions were sampled (see below). Moisture contents (as % of oven-dry humus mass after 105°C for 24 hr), daily meteorological data from a nearby (Mt. Washington) and an on-site (PC1) climate station, and various vegetation and soil parameters were used as input data for the ForWaDy model (Seely et al. 1997) , which was used to predict daily water fluxes through the canopy, forest floor and mineral soil (to 25 cm, corresponding to the middle of the porous cups on lysimeters, and estimated to be the bottom of the rooting zone in which most nutrients would be taken up by trees).
Gross N mineralization
Gross mineral N transformation rates were measured by isotope dilution (after Hart et al. 1994 ) on F horizon samples collected from the same plots as in the sampling for net N mineralization at two different times over the fourth growing season after harvesting (1997) in both June (Grenon et al. 2004) and again in August 1997; see Grenon et al. 2004 for further details on methods).
Heterotrophic nitrification
Bulked forest floor samples were collected in the fifth growing season after harvesting (August 1998) from the same three replicates of the old-growth, shelterwood and clearcut treatments used for previous studies of net and gross N mineralization (Bradley et al. 2000 , Grenon et al. 2004 . Four subsamples from each plot (~ 8 g dry mass) were placed in jars and injected with K 15 NO 3 solution. Two of these were immediately injected with acetylene to block autotrophic nitrification. Fifteen minutes after injection, a 2-M KCl solution was added to one jar with and one jar without acetylene addition, and extracts stored at 2°C. The remaining two jars were sealed, incubated at 22°C for 24 hrs and extracted. All extracts were analysed for NO 3 -N concentration. Subsamples of extract were diffused onto acidified glass micro-fibre disks, amended with Devarda's alloy and diffused a second time before being encapsulated in Sn sleeves for analysis for atom % 15 N. Gross production and consumption rates of NO 3 -N were calculated using zero-order equations (Kirkham and Bartholemew 1954) .
Seedling foliar N Foliage was collected from both planted and naturally-regenerated western hemlock and amabilis fir seedlings in subplots (within the main silvicultural system treatment plots) set up to determine the impacts of competing vegetation and nutrient availability (± herbicide ϫ± fertilizer treatments) on seedling growth (Mitchell and Arnott 1995; Mitchell 2001; Mitchell et al. 2003 Mitchell et al. , 2004 . Nitrogen concentrations in current foliage were determined throughout the growing season, but only fall data from control treatments in these sub-plots (i.e., no herbicide, no fertilizer) are presented. Sampling intensity varied between years (Table 1) . See Mitchell (2001) and Mitchell et al. (2003) for further details on foliar sampling and analytical methods.
Soil solution
Porous cup tension lysimeters (SME Model 1900, B2M2 ceramic; 50 kPa tension) were used to sample the soil solutioñ 25 cm beneath the surface of the mineral soil (i.e., bottom of cups at ~ 30 cm). Lysimeters were installed immediately after harvesting (July-August 1993, except for those in the SW plots, which were installed in May 1994). Leachate was collected approximately monthly throughout the growing seasons (May-Oct.) of the first three years after harvesting (1994-96) and every two weeks (June-Sept.) over the fourth and fifth growing seasons . (See Feller and Olanski (1995) and Feller et al. (2000) for more details on lysimeters and their installation.)
A subset of the lysimeters used by Feller and Olanski (1995) that were randomly located 30 and 60 m from treatment plot boundaries were used in the present study. Three treatments were compared: (i) old-growth (one plot in oldgrowth + two leave stands in patch cut; six sampling locations per plot), (ii) clearcut (one plot in clearcut + two cutblocks in patch cut; six sampling locations per plot), and (iii) shelterwood (three plots in one shelterwood treatment replicate, 50 m apart from each other; four sampling stations per plot).
(Minimal or lack of difference in seven-year seedling growth response between clearcut and patch cut treatments (Mitchell et al. 2004) suggests comparability between clearcut and cutblocks in the patch cut treatment.)
All samples were returned to the lab on ice and stored at 5°C before analysis for NO 3 -N and NH 4 -N by colorimetric methods on an autoanalyser and for total-N by analysis of NO 3 -N after filtering and persulfate digestion (D'Elia et al. 1977) . Samples collected in 1994-96 were individually analysed, and those collected in 1997-98 were bulked by treatment plot before analysis and were not filtered before persulfate digestion. Dissolved organic N (DON) was assumed to be the difference between total-N and dissolved inorganic N (DIN = NO 3 -N + NH 4 -N).
Chemical concentrations were multiplied by modelled (ForWaDy) water flux rates to give N fluxes from the bottom of the rooting zone (25 cm below surface of mineral soil). Accumulated N fluxes over each growing season were calculated for individual lysimeters for the first three growing seasons (1994 to 1996) , and means calculated for each replicate of each treatment; samples were bulked by treatment and replicate before chemical analysis for the fourth and fifth seasons (1997 and 1998) . The length of the sampling period varied between years, and therefore only fluxes over a standard sampling period were compared.
Atmospheric deposition
Rainfall collectors (14.5-cm diameter polyethylene funnel with small-mesh screen mounted 1 m above soil surface on wooden post, draining through Tygon® tubing to 4-L polyethylene collection vessel) were installed at the beginning of the fourth growing season (June 1997). There were six collectors in each clearcut plot. Collections were made every two weeks (June-Sept.) over the fourth and fifth growing seasons . Collectors were cleaned and chemical analyses and N flux calculations were carried out as for soil solution samples.
Results
Litter inputs (Fig. 2) were usually significantly greater in treatments with the most trees present (1840 and 1111 kg ha -1 yr -1 averaged over five years in old-growth and shelterwood treatments, respectively), and were similar amongst the other three treatments (< 200 kg ha -1 yr -1 in four out of the five years). Annual litterfall in the old-growth forest ranged from 800 to 2500 kg ha -1 yr -1 during the study period.
Within the limitations of the design of the study, the decomposition rate of hemlock needles was significantly greater in the old-growth forest than in some of the other treatments over the first three years, but not after the fourth year (Fig. 3) . It tended to be the slowest in the clearcut, patch cut and green tree treatments, depending on the year, and intermediate in the shelterwood treatment (although never significantly different from the old-growth forest). There were no significant differences in decomposition rate of forest floor material among the treatments. Mass loss for birch sticks buried at ~ 5 cm tended to be slowest in the old-growth forest (Fig. 4) , in contrast to hemlock needle litter, but treatment differences were not significant (p = 0.78 at 4 months, 0.06 at 12 months and 0.08 at 16 months).
Mean monthly soil temperatures peaked in August (data not shown) and were about 2°C lower in the old-growth forest (11.7°C) than all the other treatments, which were about the same (13.4 to 13.9°C). There were no treatment effects for annual GDD > 0°C (p = 0.35), GDD > 5°C (p = 0.17) or GDD > 7.5°C (p = 0.08), but there were for GDD > 10°C (p = 0.03), when accumulated heat sums were greater in the green tree (225°C yr -1 ) than old-growth (47°C yr -1 ) treatments (Fig. 5) . (1994) (1995) (1996) (1997) (1998) and 5-year average annual litterfall in five different treatments at MASS (OG = old-growth, SW = shelterwood, GT = green tree, PC = patch cut, CC = clearcut; within a given year, means with same letters are not significantly different).
Fig. 3.
Mean mass loss from hemlock needle litter and forest floor material incubated in old-growth, shelterwood and clearcut treatment plots over the first four years after harvesting (1993 Prescott 1997 and unpublished data) at MASS (OG = old-growth, SW = shelterwood, GT = green tree, PC = patch cut, CC = clearcut; within a given year, means with same letters are not significantly different).
Fig. 4.
Mean mass loss (±SE) over 16 months from birch sticks buried ~5 cm below the soil surface over the first four years after harvesting (1994) (1995) (1996) (1997) in all five treatment plots at MASS (OG = old-growth, SW = shelterwood, GT = green tree, PC = patch cut, CC = clearcut; p = 0.78, 0.06 and 0.08 for 4, 12 and 16 months, respectively).
Intermediate treatments did not differ from the other two (203, 194 and 146°C yr -1 for shelterwood, patch cut and clearcut treatments, respectively). GDD > 10°C was the only accumulated heat sum parameter for which there were ever significant treatment differences, and these occurred at every depth sampled (5, 15, 30 and 50 cm; data not shown).
Both actual and modelled moisture contents in the LF layer of the forest floor five years after harvesting (1998) tended to be greatest in the old-growth forest, while the moisture content in the shelterwood was slightly greater than that in the clearcut treatment (Fig. 6 ). However, this pattern was reversed in the deeper H layer, where the moisture content tended to be greatest in the clearcut, and slightly greater in the shelterwood treatment than the old-growth forest.
Gross nitrate production rates tended to be higher in the old-growth forest than in the clearcut four years after harvesting (1997), but were the same in the following year (Fig. 7) . Conversely, ammonium production rates tended to be higher in the clearcut than the old-growth forest, but only for June. For all treatments, gross N production rates were high when consumption rates were also high. There was net consumption of nitrate four years post-harvest (1997) in June, but net production two months later in August. There was net ammonium production in June in the clearcut but not in the old-growth forest or shelterwood; in August, there was net immobilisation of ammonium in all treatments. Addition of acetylene (which blocks autotrophic nitrification) did not affect gross nitrification rate five years after harvesting (August 1998; Fig. 7 ), indicating that heterotrophic populations were the predominant contributors to nitrification.
Foliar N concentrations in planted seedlings that were monitored annually (of which results in Mitchell 2001 and Mitchell et al. 2003 are for one year of this annual sampling) tended to decrease between two and six years after harvesting, at which time they were below the deficiency level for firs and the adequate level for western hemlock; treatment effects were never statistically significant (Fig. 8) . Similarly, foliar N concentrations in naturally regenerated hemlock and fir monitored annually in harvested treatments generally increased from two to three years after harvesting, and then decreased.
The amount of total-N leached below the rooting zone (25 cm) tended to increase with the intensity of stand removal (CC > SW > OG) for the first five years after harvesting (Fig. 9) . However, losses after shelterwood harvesting were significantly greater than those from the undisturbed oldgrowth forest only in the second year after harvesting, at which time they were the same as losses after clearcutting. In the third, fourth and fifth years after harvesting, losses from the rooting zone in the clearcut treatment were significantly greater than those from both the old-growth and shelterwood treatments. Atmospheric inputs (i.e., rainfall, or bulk deposition) were estimated to be ~ 1 kg ha -1 yr -1 .
Discussion
The flows and connections between all of the N cycling processes studied at MASS are represented in Fig. 10. (N.B. we use N mineralization to refer to the combination of ammonification (= NH 4 -N production) and nitrification (= NO 3 -N production) rather than to just ammonification.) Although the studies did not cover the full range of known N cycling processes, the knowledge generated can be used to answer four key questions that are relevant at MASS, and may have applicability in similar montane forest ecosystems in the Pacific Northwest of North America. [1993] [1994] [1995] [1996] [1997] [1998] [1999] in all five treatments at MASS over the study period (OG = old-growth, SW = shelterwood, GT = green tree, PC = patch cut, CC = clearcut; there was only a significant treatment effect for GDD>10 o C, and means with same letters beside GDD>10 o C bars are not significantly different).
What are the effects of clearcutting on N cycling?
There was a trend towards higher N mineralization in the forest floor at two and four years after clearcutting at MASS compared to old-growth stands in both lab and field incubation studies, but results were rarely significant (Prescott 1997 , Bradley et al. 2000 . The same trend was evident in the mineral soil, although mineralization rates were an order of magnitude less than for the forest floor (Prescott 1997) . Initial differences in nitrogen concentrations in the soil solution between old-growth and clearcut treatments at MASS tended to become negligible by five years after cutting (unpublished data used to derive fluxes in Feller et al. 2000 and present study), although differences in fluxes of N through the soil (Fig. 9) were accentuated by greater rates of movement of water in the clearcut treatment (derived from Fig. 6 ). Similar results were found in a chronosequence of submontane (550-600 m asl) forest sites on Vancouver Island, where ammonium showed relatively little response to harvesting and elevated nitrate concentrations found on a five-year-old cutover were not evident on an eight-year-old or on older cutovers (Bradley et al. 2002a) .
The observed increases in net N mineralization would be expected to result in enhanced seedling growth, as net N mineralization is a useful index (rather than direct measure) of plant-available N (Schimel and Bennett 2004) . Although the magnitude of changes in N mineralization resulting from clearcutting at MASS were relatively small and short-lived compared to sites elsewhere (e.g., Rosén et al. 1996 , Titus et al. 1998 , did these changes result in increased seedling growth? Any increases in seedling foliar N concentrations after clearcutting appear to last for up to four years after harvesting ( Fig. 8 ; Koppenaal and Hawkins 2000 , Hawkins and Moran 2003 , Maynard and Senyk 2004 , which is fairly consistent with our results for N mineralization and availability in the soil. Changes in foliar N concentrations up to six years after harvesting suggest a possible response to a small assart effect that lasted from two to four years after harvesting. Early growth rates of planted (Mitchell 2001; Mitchell et al. 2003 Mitchell et al. , 2004 and naturally regenerated seedlings (Hawkins and Moran 2003) on the clearcut treatment suggest that they are growing well in the ensuing nutritional environment, with no evidence of seedling growth check at this stage of development.
However, foliar N concentrations six years after harvesting are below deficiency or adequacy levels for both true firs (Powers 1983 ) and hemlock (Ballard and Carter 1986) . Furthermore, N foliar concentrations for amabilis fir on a clearcut adjacent to MASS decreased from ~ 1.3% for naturally regenerated seedlings and 1.7% for planted seedlings at five to six years after harvesting (which is similar to values for MASS; see Fig. 8 ), to 0.8% at the end of the ninth growing season after harvesting (Hawkins et al. 2002) . This suggests that further declines in foliar N concentration at MASS are possible, at least in the clearcut treatment. Fertilization studies indicated that N limits growth at the MASS site Moran 2003, Mitchell et al. 2004) . Further monitoring will therefore be required to determine whether seedlings will become N-deficient and growth check will be expressed 12 to 15 years after harvesting, as is commonly observed on these sites. Litterfall, fine root death and leaching from the canopy are the main pathways by which N returns to the forest floor from old-growth trees. First, the amount of litterfall was reduced at harvesting (Fig. 2) , depending on the amount of basal area removed, and therefore the periodic input of this N source was decreased, or initially eliminated in the case of clearcutting (~ 18 kg N ha -1 yr -1 , assuming 1% N in abscised needles, based on Tarrant et al. 1951 and Keenan et al. 1995) . Then, while it might have been assumed that the forest floor would decompose more quickly in the clearcut than in the old-growth forest because of increased forest floor temperature (Fig. 5) , this was not the case for surface needle litter (Fig. 3) . It is possible that periodic drying of the litter layer surface limited surface litter decomposition (Whitford et al. 1981 ; cf. differences between LF and H horizons in Fig. 6 ). However, the opposite trend was found for buried birch sticks ( Fig. 4 ; lowest p-value = 0.06 at 12 months), with increased soil moisture deeper in the forest floor and higher temperatures on the clearcut. Similar trends in decomposition rates were found at different soil depths between stands and clearcuts in two other forests in the Coastal Western Hemlock zone on Vancouver Island using standard materials (Binkley 1984 .
There are several possible explanations for our finding that N mineralization increased somewhat with clearcutting. It may be that decomposition below the soil surface increased with clearcutting and led to an increase in N mineralization that, because of reduced plant uptake on the clearcut, led to increased leaching from the rooting zone. Alternatively, it is possible that reduced litterfall and detrital inputs could have led to a reduction in available C (an energy source for heterotrophic decomposer organisms) and hence reduced microbial activity and uptake of mineral N, resulting in an increase in available N in the soil (Hart et al. 1994) . At MASS, the microbial activity in the forest floor (e.g., basal respiration, microbial biomass, metabolic quotient) was indeed lower in the clearcut than in the old-growth forest (Bradley et al. 2001) , as has also been observed at lower elevations in salal-cedar-hemlock forests in the Coastal Western Hemlock zone (Chang and Trofymow 1996) . However, it is not absolute rates of microbial activity alone that determine mineral N availability, as microbial communities consume as well as produce mineral N. It is the net result of gross production Fig. 8 . Annual autumn foliar N concentrations in naturally regenerated and planted western hemlock and amabilis fir seedlings for the first six years after harvesting. Foliar N concentrations at the time of planting were 2.15% and 1.99% for western hemlock and amabilis fir, respectively. Additional data for naturally-regenerated seedlings at two and five years (Koppenaal and Hawkins 2000; see Table  2 for statistical differences at two years) and planted seedlings at four years (Maynard and Senyk 2004; undisturbed microsites) are included as single points, represented by smaller symbols. Horizontal line at 1.15% indicates deficiency level for true fir (Powers 1983) , and line at 1.45% indicates adequate level for western hemlock (Ballard and Carter 1986) . (OG = old-growth, SW = shelterwood, GT = green tree, PC = patch cut, CC = clearcut.) minus gross consumption that is measured as an index of extractable, or plant available mineral N (see recent review by Booth et al. 2005, and Schimel and Bennett 2004) . For example, although net nitrate availability is generally assumed to be greater on clearcuts than in forests, gross nitrate production can be high in undisturbed coniferous forests (Stark and Hart 1997) , and at MASS it tended to be greater in the old-growth forest than in the clearcut in June (and less distinctly so in August) four years after harvesting (Fig. 7) . Further research is required to elucidate which N cycling processes predomi- nated in the clearcut treatment at MASS. Although planted seedlings can respond positively to control of competing species (Mitchell et al. 2003 (Mitchell et al. , 2004 , the effect of early seral species (Vaccinium spp., Epilobium angustifolium) on N uptake and cycling on the clearcut is also not known.
All field and incubation studies at MASS ( Fig. 7 ; Prescott 1997 , Bradley et al. 2000 showed that dissolved inorganic nitrogen (DIN = NH 4 -N + NO 3 -N) after clearcutting was predominantly ammonium and not nitrate (except at ~ 25 cm deep in the mineral soil over the first three years after clearcutting, as sampled using porous cup lysimeters). This is consistent with findings elsewhere in the Coastal Western Hemlock zone on Vancouver Island (Bradley et al. 2002a , but contrasts with ecosystems where nitrate predominates after disturbance (e.g., Swank et al. 2001) . The results from MASS also suggest that ammonium is not readily converted to nitrate by autotrophic organisms at this site (Fig. 7) , notwithstanding the limitations of the acetylene method used (De Boer and Kowalchuck 2001) . The nitrate found at MASS was therefore likely produced directly by heterotrophic organisms as they decomposed organic matter, rather than by autotrophs chemically converting ammonium to nitrate to obtain their energy requirements, as has been found elsewhere in some acid forest soils (see review by De Boer and Kowalchuck 2001). Furthermore, gross N transformations showed that increases in net nitrification after harvesting at MASS were the result of decreased gross nitrate consumption, as gross nitrate production actually decreased with harvesting (Fig. 7) .
Overall, notable N cycling mechanism findings at MASS include (i) decomposition rates at the soil surface were greater in old-growth than clearcut, but at ~ 5 cm down the soil profile were greater in the clearcut, (ii) greater microbial activity in the old-growth than in the clearcut, (iii) greater gross nitrification in the old-growth than in the clearcut (clearer on some dates than others), (iv) predominance of ammonium rather than nitrate after harvesting, and (v) the lack of autotrophic nitrification in the different harvesting treatments.
Do alternative silvicultural systems mitigate the effects of clearcutting?
If clearcutting causes changes in N cycling, does some level of tree retention following different harvesting patterns moderate the amount of change? Or do alternative silvicultural systems behave more like old-growth forests or more like clearcuts? The most common treatment comparisons at MASS were between the old-growth forest, shelterwood (25% basal area retention) and clearcut treatments. There was a wide range of responses in N cycling processes to these two different intensities of disturbance at MASS: some processes in the shelterwood treatment were similar to those in the oldgrowth forest, some were similar to those in the clearcut treatment, some were midway between the two extreme treatments, and for some there were no differences between any of the three main treatments ( Table 2 ). The two other variable retention treatments (green tree and patch cut) were only compared for a small number of variables, and tended to be intermediate between the shelterwood and clearcut treatments in almost all cases. The notable exceptions to this include decomposition of hemlock needles (which tended to decompose more slowly in patch cut and green tree treatments, especially soon after harvesting) and foliar N concentrations in planted seedling (which did not differ between treatments).
One of the key objectives of the modified shelterwood treatment was to retain some level of old-growth features, as reserves. This objective appears to have been partially achieved, as some of the most fundamental N cycling processes (e.g., most net N mineralization results, H layer moisture content) were relatively unaffected by shelterwood harvesting. This may have resulted in a lack of effect on higher-level processes that integrate more detailed processes (often measured over days or weeks) over longer time periods (growing seasons, years). The relative lack of N mineralization response to shelterwood harvesting can be expected to have led to a lack of treatment effect on N availability to plants. This appears to have been the case, as shelterwood harvesting (as well as all other treatments) had little effect on foliar N concentrations in planted and naturally regenerated seedlings. Nitrogen not taken up by plants would be expected to either remain in the plant-soil system, or be leached below the rooting zone. While there was a tendency for shelterwood harvesting to increase N leaching from the rooting zone, there were no significant differences between the shelterwood treatment and the old-growth forest in four out of five years. It would therefore seem that although some N cycling processes were sensitive to shelterwood harvesting, the accumulated effects of the processes were not clearly evident in either increased seedling foliar N concentration or in greatly increased leaching from the rooting zone.
There are few studies comparing effects of alternative harvesting of conifers on soil processes in coniferous forests. However, two that have been completed showed even smaller harvesting effects than observed at MASS. For example, Barg and Edmonds (1999) did not find any differences in N mineralization in field incubations or soil microbial biomass between an uncut Douglas-fir forest in the Pacific Northwest and green tree retention and clearcut treatments. Similarly, Siira-Pietikäinen et al. (2001) found that decomposer communities in a Picea abies forest floor in Finland were barely affected by any form of harvesting (clearcut, selection, retention, and gap felling), with only clearcutting sometimes causing differences in communities compared to the unharvested forest. At MASS, it is interesting to note that C utilization patterns (Biolog plates) were distinctly different in the three treatments studied but that shelterwood was not intermediate between the clearcut or old-growth treatments, unlike other microbial parameters where the shelterwood was usually much like the clearcut (Bradley et al. 2001) .
Increased N leaching from upper soil horizons is one of the most important potential impacts of harvesting on forest and aquatic ecosystems. The findings at MASS are similar to those of Martin and Harr (1989) , who found that shelterwood harvesting (60% basal area retention cf. 25% at MASS) on the western slopes of the Cascade Mountains in Oregon had no apparent impact on stream exports of N, while losses after clearcutting increased only very slightly (by 0.1 kg dissolved organic nitrogen (DON) + NH 4 -N ha -1 yr -1 over a 10-year post-harvest period). Similarly, Stark (1979) found that while clearcutting increased nitrate levels more than shelterwood cutting in Douglas-fir-larch forests in Montana, neither harvesting system had much impact on losses. Table 2 . Extent to which shelterwood harvesting (SW) mitigated the effects of clearcut harvesting (CC) on N cycling and associated ecological properties at MASS over time since harvesting, as compared to undisturbed old-growth (OG) stand, with green tree retention (GT) and patch cut (PC) treatments included, when applicable. (2000) c Prescott (1997) d Bradley et al. (2000) Did any reductions in N mineralization and availability found in the retention treatments (shelterwood, green tree) compared to the clearcut treatment result in reduced tree seedling response? Fertilization studies indicate that N limits growth at the MASS site Moran 2003, Mitchell et al. 2004) , but foliar N concentrations were only different among treatments for naturally-regenerated western hemlock two and five years after harvesting (Koppenaal and Hawkins 2000) and for naturally-regenerated fir shoots five years after harvesting (Hawkins and Moran 2003) . Furthermore, foliar N was a poor predictor of early seedling growth at MASS when all silvicultural systems treatments were considered (Mitchell et al. 2003) . The poorer five-year growth of naturally-regenerated fir (Hawkins and Moran 2003) and seven-year growth of planted seedling (Mitchell et al. 2004) on retention treatments therefore cannot be attributed solely to differences in soil N processes between treatments. There is also a 47% reduction in available light in the shelterwood treatment, which will have a large effect on seedling growth (Mitchell 2001) . Conserving one limiting resource (N) through partial retention of the overstory may therefore lead to the lack of another limiting resource (light).
Relative differences between OG, SW
What is the potential for loss of site productivity after harvesting these sites?
Perhaps the most important question regarding N cycling is whether or not long-term site productivity will be adversely affected by leaching losses after clearcut harvesting. Overall, the net fluxes of total N from below the rooting zone (25 cm in the mineral soil) in the clearcut treatment at MASS were small (< 0.3 kg ha -1 over the growing season for the first five years after harvesting). Even assuming year-round leaching at this rate, it is likely that annual losses of N from the rooting zone through leaching were ~1 kg ha -1 yr -1 . (Using a different sampling approach and model for estimating water flux on the same site, Feller et al. (2000) estimated annual total N leaching losses of 1.4, 2.3, and 4.1 kg ha -1 yr -1 for the first three years following treatment from the old-growth, shelterwood, and clearcut, respectively. Differences in estimates may have resulted because (i) ForWaDy estimated 25% less annual water flux from clearcut and 50% less water flux from oldgrowth and shelterwood than the model used in Feller et al. (2000) , (ii) extreme droughts occurred in the fourth and fifth sampling seasons, thus greatly reducing nutrient flux and the resultant arithmetic mean over the first five years after harvesting, and (iii) analysis in the present study was limited to equal sampling periods so that years could be compared.) The estimated value of~ 1 kg ha -1 yr -1 is similar to those reported for some Pacific Northwest conifer sites (Feller and Kimmins 1984, Martin and Harr 1989) , less than for some European sites (Kimmins et al. 1985) and a New Brunswick watershed (Krause 1982 , Jewett et al. 1995 , and much less than for another site in the Coastal Western Hemlock zone on Vancouver Island (Bradley et al. 2002b and alder sites (see literature review tables in Kimmins et al. 1985) . Nitrogen in the soil at the MASS site seems to be particularly resistant (sensu Halpern 1988) to clearcut harvesting disturbances, which emphasizes the care that must be taken in generalizing about disturbance effects on N cycling (Grenon et al. 2004) .
The potential for N losses and long-term site degradation because of clearcutting at MASS can be simplistically estimated by comparing N inputs with N outputs in leaching (Table 3 ). The two main inputs to sites are wet and dry atmos- Export in logs at clearcutting j 250 kg ha -1 a~ 0.5 kg N ha -1 yr -1 in bulk deposition measured over growing season from May-Oct. (unpublished data), during which time 0.83 kg N ha -1 was collected at the nearest NatChem site over the study years, while 2.2 kg N ha -1 were deposited annually (Ro 2002) . Estimated bulk deposition of 2.2 to 5.0 kg N ha -1 yr -1 were found over a 3-year period at Mt. Arrowsmith, south of the MASS site (Feller 1997 ). b Larsen et al. (1982) , Silvester et al. (1982) , Sollins et al. (1987) , Cushon and Feller (1989) . c Heath et al. (1988) , Cushon and Feller (1989) . d Assumes minimal outputs in biomass at harvesting; denitrification not included. e Based on < 0.1 kg N ha -1 growing season -1 in minimum years (2, 4 years after harvesting) and < 0.4 kg N ha -1 growing season -1 in peak years (1, 3, 5 years after harvesting) and therefore assuming < 0.2 and < 1 kg N ha -1 yr -1 as annual minimum and maximum rates, respectively; see also leaching fluxes for the first three years at the MASS site in Feller et al. (2000) , and other sites in Krause (1982) , Feller and Kimmins (1984) , Kimmins et al. (1985) , Martin and Harr (1989) , Jewett et al. (1995) , Titus et al. (1998) . f Minimum balance assumes minimum input minus maximum output. g Maximum balance assumes maximum input minus minimum output. h Maynard and Senyk, unpublished data. i Assuming ~ 10 000 years since glaciation at the MASS site. j Estimated for 400-year-old stand in the Coastal Western Hemlock zone pheric deposition (i.e., bulk deposition or bulk precipitation) and N fixation. At the MASS site, inputs from atmospheric deposition and N fixation in coarse woody debris (CWD) and the forest floor were estimated to be ~ 4 kg ha -1 yr -1 (based on published values in the literature). This is several times more than estimated leaching outputs from the rooting zone for the first five years after clearcutting (~ 1 kg -1 ha -1 yr -1 ), and equivalent to the three-year estimate in Feller et al. (2000) . Furthermore, leaching outputs will likely decrease as new stands become established, even if they do not reach the age of the original old-growth forests, from which an average of~ 0.03 kg -1 ha -1 leached over the growing season (1.4 kg ha -1 yr -1 in Feller et al. 2000) . However, both atmospheric deposition and N fixation would have taken place even if forests were not harvested, so caution must be used when considering whether additions from these sources would compensate for increased leaching losses after harvesting using a simple N budget rather than a process-based model (e.g., Kimmins et al. 1999) . The second main output is N in harvested logs, which was estimated to be ~ 250 kg ha -1 in a 400-year-old stand in the Coastal Western Hemlock zone and could hence be a much greater source of N loss than leaching at MASS, especially over the short-term. Similarly, site nutrient losses in a Douglas-fir forest in the Pacific Northwest were attributed to direct removal of nutrients in harvested products rather than to post-harvest leaching or erosion losses (Cole 1995) . Nitrogen losses from the rooting zone in leaching and harvested logs can also be placed in context by comparing leaching losses with N reserves in the soil (i.e., soil N capital). At MASS, the soil N capital (to 30 cm depth in mineral soil) that presumably has accumulated since the end of glaciation (~ 10 000 years ago) is estimated to be ~ 11 400 kg ha -1 (Senyk et al. 1995, Maynard and Senyk 2004) . Past catastrophic events that would have led to the natural loss of forests would have also caused some leaching losses, and any fires (rare in this ecosystem) would have volatilized some N. Even with natural N losses over the past 10 000 years, the net N accretion rate in the soil is therefore about 1 kg ha -1 yr -1 when estimated over millennia from present soil capital. This is within the same order of magnitude as the difference between annual inputs and outputs estimated above (~ 3 kg ha -1 yr -1 ; Table 3) , and is not affected by taking into account transportation of N from the site in harvested old-growth logs. However, extrapolating impacts of harvesting second-growth stands with much shorter rotations on nutrient cycling at the MASS site will require a greater understanding of N processes in what will become even-aged, transitional montane stands on present clearcut treatments, and uneven-aged stands on present shelterwood treatments.
Will the N losses measured at MASS ultimately affect site productivity? Would using shelterwood harvesting instead of clearcutting reduce N losses? The small amount of N removed in logs and the minimal leaching from the rooting zone after harvesting in comparison to site capital suggest that clearcut harvesting will not have a major impact on site productivity, at least in the near future. Furthermore, the general lack of statistical differences between the shelterwood and clearcut treatments for key N processes at MASS suggest that while there may be valid reasons for choosing alternative silvicultural systems instead of clearcutting for wildlife, biodiversity, visual aesthetics and other values, it is difficult to make a case for shelterwood harvesting on these sites based on concerns for future site productivity alone.
Conclusions
Overall, short-term N cycling processes at MASS remained relatively unaffected by harvesting. Increases in N mineralization and leaching from the rooting zone after harvesting were relatively small. A large proportion of the mineral N was ammonium, and the small amounts of nitrate found were not derived through autotrophic conversion of this ammonium, but resulted mainly from heterotrophic decomposition. Nitrogen fluxes from the site were small compared to inputs and, in light of large soil reserves, present harvesting of oldgrowth is unlikely to lead to long-term reductions in site productivity. Nitrogen concentrations in conifer foliage were slightly elevated for two to four years after harvesting, and then decreased. There was therefore little evidence of changes in N cycling within the first five years that might lead to the sometimes-observed growth check in conifer seedlings on clearcuts in montane coastal forests. However, further monitoring is required to determine if this check will develop by 12 to 15 years after harvesting. Shelterwood harvesting can be used to mitigate effects of clearcutting on some N processes, but shade may then limit subsequent seedling performance. The trends and consistency in N cycling processes suggests that the results have application to similar montane forests in the Pacific Northwest. However, the extrapolation of results must be tempered because of the restricted randomization of treatments at MASS resulting from the use of one clearcut and one old-growth stand.
